Methods: Sixteen patients with focal onset and secondarily generalized seizures were included, along with sixteen healthy volunteers. Structural differences were analysed by measuring grey matter (GM) volume and thickness via T1-weighted MRI, and white matter (WM) fractional anisotropy (FA) via diffusion tensor imaging. GM and WM microstructural properties were compared between patients and controls by voxel-and surface-based analyses. Next, morphometric findings were correlated with seizure severity and disease duration to identify the pathologic process.
Introduction
Over 70% of patients with focal seizures experience secondary generalization (Forsgren et al., 1996) . The ultimate symptoms, including a general stiffening and the jerking of limbs when a focal seizure extensively evolves, indicate the final anatomical involvement of the bilateral motor pathways. Two important neural pathways, including the corpus callosum and the thalamocortical circuit, have been implicated in the regulation of seizure generalization (Marcus and Watson, 1966;  Beenhakker and Huguenard, 2009). However, research addressing the anatomical destination of seizure propagation is limited. To prove our hypothesis that there are structural changes in motor pathways involved in the evolution of overt motor activity during generalized convulsions, we analyzed magnetic resonance imaging (MRI) data from patients with secondarily generalized seizures from a focal epileptic source and non-lesional epilepsy.
Size, volume and shape of different brain regions, as well as its structural properties, are commonly analyzed parameters. The original features of the gray matter (GM) and white matter (WM) can be obtained, respectively, by high-resolution T1-weighted MRI and diffusion tensor imaging (DTI) for signal processing. An illustrative example concerns juvenile myoclonic epilepsy (JME). The most common and representative syndrome of idiopathic generalized epilepsies (IGEs) manifesting However, studies have not addressed the relationship of motor-related GM and WM with secondary generalization for motor convulsive activity.
In this study, we used two techniques for analyzing brain morphology-voxel-based morphometry (VBM) and surface-based analysis-to characterize the GM volume and thickness, as well as WM FA, in epileptic patients with secondarily generalized seizures from a focus beyond the medial temporal lobe.
We then associated the imaging findings with clinical variables. By using these approaches, we sought to identify the corresponding processes causing the structural alterations in these patients. 
Methods

Subjects
We retrospectively reviewed the clinical database of Hualien Tzu Chi General
Hospital to collect the MR data of patients with secondary generalization of focal seizures. We considered the patients as "non-lesional" if radiologists did not identify any lesions in their MRI scans, such as neoplasms, traumatic lesions, vascular anomalies, or malformations of cortical development. We excluded patients deemed "lesional" when the radiologists identified any undetermined lesions on the MRIs (for example, with possible blurred gray-white matter junctions). In case the radiologist reported possible sclerotic or atrophic changes in the mesial temporal lobe with maximal interictal or ictal epileptiform discharges localized to the temporal lobe, that patient would be excluded. Patients who had conventionally-termed primarily generalized epilepsies with symmetric interictal or ictal epileptiform discharges with non-lateralized presentations of clinical seizures were also excluded. We categorized patients in the drug-resistant group according to the definition proposed by the International League Against Epilepsy in 2009 (Kwan et al., 2010 ) when patients could not achieve sustained seizure relief even after being treated for over two years with two tolerated and appropriately chosen antiepileptic drugs. We further collected MRI data from age-matched healthy subjects as a control group. The study protocol, 8 which consisted of retrospectively analyzing patient images and collecting images from the control subjects, was approved by the ethics committee of the Buddhist Tzu Chi General Hospital in Hualien, Taiwan, and written informed consent was obtained from each participant.
MRI acquisition
For each individual participating in this study, a 3T MRI scanner (General Electric, Waukesha, WI, USA) was used to acquire high-resolution, axial, three-dimensional, 
Surface-based analysis
Cortical thickness was calculated as the average of the distance from the WM surface to the closest point on the pial surface and from that point back to the closest point on the WM surface using the FreeSurfer v5.3.0 software package (http://surfer.nmr.mgh.harvard.edu) (Fischl and Dale, 2000) . FreeSurfer was used to spatially register the cortical thickness maps into the FreeSurfer standard space. These maps were then used to perform GLM analysis for group comparisons and to find out the predictors for cortical thickness variations. The thickness maps were smoothed with a 10-mm FWHM Gaussian kernel. The age was used as covariates. Using
Freesurfer's built-in GLM tool, Qdec, we compared the cortical thickness between groups and evaluated the association of cortical thickness with clinical variables. All
Qdec results were corrected for multiple comparisons used in the assessment of the 11 cluster size p-values. These results, which were cluster-wise corrected for multiple-comparisons, were considered significant for p < 0.05. Spearman rank correlation analysis was used to determine associations between the increased significantly GM volume within the motor cortex and the precentral cortical thickness.
Results
Ultimately, the MRI data from 16 patients [aged 11-63 years; mean age, 29 years; 5 males and 11 females] fitting our inclusion criteria were collected. Our studied subjects suffered from seizures that originated from the frontal or extratemporal lobe.
Eight patients with persistent seizures after treatment with two or more antiepileptic drugs were grouped in the drug-resistant patient group. Demographic and clinical data are summarized in Table 1 . In the control group, we included 16 subjects (aged 23-39 years; mean age, 29 years; 5 men and 11 women) having no history of neurological or psychiatric disorders. All the control subjects obtained a maximal score on the mini-mental status examination.
Group differences in gray matter volume
An area with significantly increased GM volume was detected in the bilateral paracentral regions (bilateral precentral and medial frontal gyri, p < 0.05, AlphaSim corrected, peak t score = 4.40, MNI coordinate = -12/-15/60, cluster size = 73) ( Figure   1A ). Globally, a lower GM volume was detected in the bilateral frontal lobes (superior frontal, middle frontal, inferior frontal, subcallosal, cingulated, and precentral gyri) and bilateral temporal lobes (superior temporal, middle temporal, inferior temporal and fusiform gyri, hippocampus and parahippocampus)
( Supplementary Fig. 1 ). In the drug-resistant group, the GM volume was significantly 
Group differences in white matter FA
Principally, significantly lower FA values indicating reduced linear features of WM were found diffusely distributed in the brains of patients (Figure 2 ). An increase in the FA was observed in the drug-resistant subgroup of patients (p < 0.05, AlphaSim 
Correlation of disease duration
In the voxel-based linear regression of whole brain analysis used to investigate the correlation with disease duration, the patients (excluded one patient had no reliable onset age) showed three clusters of significantly higher GM volume; these clusters were in the bilateral paracentral gyri and brainstem ( Figure 5A ). Two clusters of significantly reduced GM volume were observed in the right temporal lobe and the right occipital lobe (not shown).
14 While using the voxel-based linear regression of the FA map to correlate the disease duration, it was found that three larger clusters of significantly higher FA were distributed in the subcortical regions of the right central sulcus, corpus callosum, and right parietal subcortical region ( Figure 5B ). Two clusters of significantly reduced FA were observed in the WM of the right temporal lobe and the right cerebellar peduncle (not shown).
Group differences in cortical thickness
There was no difference in the cortical thickness between the patient and control groups. Even in the subgroup of patients with medical intractability, the difference of cortical thickness did not achieve statistical significance after performing false discovery rate correction at p < 0.05. Table 2 shows the values of the cortical thickness of the patients and the control group. There was a significantly positive correlation between the GM volume of bilateral paracentral regions implicated in the VBM analysis (?? = 0.612, ?? = 0.014) and the cortical thickness of precentral in the patients ( Supplement Fig 2) .
Discussion
In this study, we investigated the alterations of motor-associated neuroanatomy in patients with secondarily generalized seizures. To compensate the irrationality to group patients with different locations of seizure foci for conducting voxel-based comparisons, we excluded patients with lesional MRI, including the most common partial epileptic syndrome, mTLE. Most of our patients had seizures from the anterior regions of the head, but all of them had secondarily generalized convulsions. Also, the increased FA in the mesiofrontal areas co-localized with increased GM volume. Possibly, the FA elevation is the consequent change following the GM volume increase for recurring seizures with main engagement of motor-associated cortices.
Neuroplasticity is defined as the dynamic changes in the cerebral structure and function in response to damaged neurological deficit. The plasticity that enables a 18 patient to restore damaged function after brain injury is usually displayed in the prospective neurophysiological and neuroimaging studies (Hallett, 2001 ). Through non-invasive brain stimulations or designed tasks can influence sensori-motor processing or performance, damaged physiologic or neuroanatomic changes may be obtained in the corresponding regions. This is used to determine whether there is evolution of the nervous system beyond the restrictions established by the genome.
Cross-sectional studies were conducted in human subjects in relation to different levels of skill, where the volume of GM and FA of WM were measured. In these studies, it was found that GM volume changes occurred in motor-related cortices and higher FA occurred in the internal capsule (Dayan and Cohen, 2011) . More direct evidence from longitudinal studies is provided in sequential neuroimaging; these studies have proven that structural plasticity in GM and WM is associated with motor skill learning (Scholz et al., 2009; Taubert et al., 2010) . In our findings, higher FA in the motor pathway than controls occurred with a corresponding increase in the cortical volume, indicating the structural reorganization process is related to the severity of seizures and epilepsy duration. Our findings may support a motor function study in children with cryptogenic localization-related epilepsy (Reijs et al., 2010) .
Impaired motor function was observed in 35% of their studied children with focal seizures.
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This research study was associated with limitations: no patients with parietal or occipital lobe seizures were studied, and the study was hampered by a lower number of cases. We could not differentiate the effect per se from initial motor manifestations.
To answer this, we would need a separate group of patients with non-motor presentation at onset. Our patients were not treatment-naïve, and most of their images
were not scanned at the onset of their first seizure. Therefore, we did not correlate onset-age with microstructural abnormality to discuss whether these changes were the cause or consequence of epilepsy. However, it is worthwhile to undertake a prospective neuroimaging study of patients with newly diagnosed focal seizure with and without secondary generalization in order to investigate their motor function an measure medication effect. The right lateralization of higher FA values may wane when the numbers of recruited cases increase. 
Conclusions
In conclusion, the results have indicated the presence of a widespread, steadily progressive pathologic process that remodels the motor cortices and the downstream pathways in the brain of cortical epileptogenicity. Although epileptic foci vary in location across individuals, neuronal networks involved in seizure generalization comprise specified cortico-subcortical circuits. 
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